Abstract: A repetition rate-and wavelength-tunable fibre ring laser that utilises a reflective semi-conductor optical amplifier as both a gain and mode-locking element is presented. Moreover, 10.3 ps pulses at 10 GHz repetition rate are obtained across a 30 nm tuning range covering the entire C-band. The repetition rate is tunable up to 30 GHz via rational harmonic modelocking. A comparison is made using a conventional semi-conductor optical amplifier as the gain and mode-locking element. It is shown that the reflective semi-conductor optical amplifier requires in excess of 5 dB less average pump pulse power in order to achieve the optimum mode-locking condition, for achieving the narrowest output pulse width, thereby relaxing the requirement for a complex and expensive pump pulse source.
Introduction
Harmonic mode-locking of a fibre ring laser is an attractive method of producing a high repetition rate, wavelengthtunable picosecond optical pulse source [1] . Such sources are of paramount importance in high-speed optical communications systems. They also have applications in optical component testing and optical signal processing. Harmonically mode-locked fibre ring lasers (HMLFRL) generate pulses that are characterised by high output power, low timing jitter and excellent pulse quality. Typically, a LiNbO 3 -based Mach-Zehnder modulator (MZM) or an electroabsorption modulator (EAM) is utilised to actively mode-lock the laser cavity [2, 3] . Such modulators are characterised by high insertion loss and in the case of the MZM exhibit a high degree of polarisation sensitivity. The use of a semi-conductor optical amplifier (SOA) as both the gain medium and mode-locking element in an HMLFRL has been investigated previously [1, 4, 5 ]. An external optical pulse source is injected into the laser cavity and serves to periodically modulate the SOA carrier density via cross-gain modulation (XGM). If the injected pulse repetition rate is a harmonic of the laser cavity fundamental frequency mode-locked operation is achieved. HMLFRLs are characterised by low intra-cavity loss, short cavity length and low polarisation sensitivity. The result is a source exhibiting high stability having the potential to achieve very-high-pulse repetition rates owing to the alloptical nature of the mode-locking process. Some recent studies on SOA-based HMLFRLs include an investigation of polarisation-dependent locking [6] and the use of an optical comb [7] .
Compared with a conventional SOA a reflective semiconductor optical amplifier (RSOA) provides high optical gain at low bias currents (for a comparison between an SOA and an RSOA having the same materials see [8, 9] ). The high non-linearity of its gain against output power characteristic, which is shown in Fig. 1 and its low saturation output power make the RSOA an excellent candidate for implementing all-optical mode-locking based on XGM. In this paper, we report using an RSOA as both the gain medium and mode-locking element in an HMLFRL. The injected pump pulses travel in the same direction as the mode-locked pulses, whereas in our previous work with SOAs [4 -5] , the pump and modelocked pulses are counter-propagating. The HMLFRL presented here is capable of generating 10.3 ps pulses at 10 GHz repetition rate across a 30 nm tuning range covering the entire C band. The repetition rate may be increased up to 30 GHz using the rational harmonic modelocking technique. A comparison is made with using a conventional SOA in the HMLFRL. The paper is structured as follows: Section 2 describes the experimental set-up, Section 3 presents the experimental results and discussion including a comparison with a conventional SOA-based HMLFRL and conclusions are drawn in Section 4.
Experimental set-up
The experimental HMLFRL is shown in Fig. 2 . The RSOA used in this work is a commercially available pigtailed RSOA (Kamelian RSOA-18-TO-C-SA). It employs a tensile-strained bulk InGaAsP/InP active region. The device structure ensures high optical gain is achieved at low bias current. The polarisation sensitivity is less than 1 dB and the gain ripple is less than 0.5 dB at 1550 nm. The RSOA bias current and temperature are maintained at 140 mA and 188C, respectively. In addition, 140 mA is the maximum operating current of the RSOA and delivers the maximum gain. The RSOA carrier recovery is approximately 80 ps [10] . A polarisation controller (PC) is placed before the RSOA to control the lasing polarisation and therefore optimise the mode-locked response of the laser. A circulator is required to direct the laser light through the device. This ensures unidirectional operation of the HMLFRL and requires that the injected pulses must co-propagate with the mode-locked pulses within the RSOA active region. The injected pulses are obtained from an EAM (CIP 10G-PS-EAM-1550) sinusoidally modulated at 10 GHz by an r.f.
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synthesiser. The EAM pulse source is simple to construct but does not offer independent control of the pulse width and power. The pulses are amplified by an erbium-doped fibre amplifier (EDFA), set to its maximum gain, passed through an attenuator and PC to control the injected optical power and polarisation, respectively, before being injected into the laser cavity via a 3 dB coupler. A tunable bandpass filter (TBF) having a bandwidth of 1.4 nm determines the lasing wavelength. The TBF is placed before the 3 dB output coupler so as to isolate the injected pulses from the output port. It should be noted that the HMLFRL cannot operate at the same wavelength as the injected optical signal as a result. A variable optical delay line (VODL) is used to compensate for the cavity length change because of dispersion at each mode-locked wavelength and ensure a fixed mode-locking frequency. An 80/20 coupler is used to tap a portion of the laser signal for characterisation using a digital communications analyser (DCA), an electrical spectrum analyser (ESA) and an optical spectrum analyser.
3 Results and discussion
Wavelength tuning
The TBF tunes from 1534 to 1565 nm giving a tuning range of approximately 30 nm. With the VODL set at 0 ps the fundamental frequency of the HMLFRL is 15.5 MHz, which corresponds to a cavity length of approximately 13 m. For each operating wavelength the optimum modelocking condition (for the narrowest pulsewidth) is obtained through adjustment of two parameters; the injected optical power and the delay provided by the VODL. As the operating wavelength is changed by tuning the TBF, the VODL is used to adjust the cavity length to compensate for the intra-cavity dispersion. The use of the VODL ensures that the mode-locking frequency can be maintained at 10 GHz across the entire tuning range. Experimentally, it was found that the saturation output power of the RSOA increases with increasing wavelength so the injected optical power was increased as the operating wavelength is increased to maintain optimum mode-locked operation. The wavelength and pulse width of the injected pulses are 1548 nm and 29 ps, respectively. The mode-locked pulse train and associated optical spectrum at 1535 nm are shown in Figs. 3a and b, respectively, whereas Fig. 3c highlights the wavelength tuning characteristic of the HMLFRL. At 1535 nm the pulse width was 10.3 ps and the 3 dB spectral width was 0.64 nm giving a time bandwidth product (TBP) of 0.84. This indicates that the pulses are chirped. This chirp is caused primarily by the phase modulation induced by the XGM in the RSOA. This may be compensated by using a dispersion compensating fibre at the laser output [4] . The mode-locked pulse was observed to have a Gaussian profile. The RMS jitter, peak power and average power were measured using a DCA (Agilent 86100C) and found to be 0.9 ps, 2.33 mW and 250 mW, respectively. Fig. 4b highlights the excellent uniformity of the mode-locked pulse width and the average power across the tuning range. The standard deviation of the pulse width and average power was 0.2 ps and 17 mW, respectively. Fig. 4a shows the electrical spectrum of the mode-locked pulses at 1535 nm. The supermode suppression ratio (SSR) is in excess of 50 dB. This indicates very low levels of supermode noise and highlights the excellent temporal properties of the mode-locked pulse. By driving the RSOA at close to the maximum permissible current the SSR is maximised [2, 11] . The nature of the noise suppression has been attributed to gain saturation in the SOA and has been the subject of a theoretical analysis in [12] .
Repetition rate tuning
The repetition rate of the HMLFRL may be increased using the rational harmonic mode-locking technique [13] . Typically, the frequency of the injected optical pulse train, f ext is tuned to f ext ¼ (N + 1/n)f ring , where N is the harmonic order, f ring is the fundamental frequency of the laser cavity and n is an integer greater than 1, to generate a modelocked pulse train with a repetition rate of nf ext . In this experiment, in order to multiply the mode-locked repetition 5 showing the mode-locked pulse train and associated optical spectrum at 1535 nm in each case. When operating at 20 GHz the output was observed to maintain stable mode-locked operation over a 16 h period highlighting the excellent stability of the source. There is some pulse-to-pulse amplitude variation evident in both pulse trains but more significantly in the 30 GHz pulse train. Typically when increasing the repetition rate using this technique the energy of the externally injected pulses and the RSOA current should be increased in order to achieve narrower pulses to support the increased repetition rate [14, 15] . As the applied current to the RSOA is already close to the maximum permissible value this was not an option. In our case, the power of the injected pulses actually had to be reduced in order to optimise the modelocked response at these higher frequencies. This may be explained as follows. For a given time window there is three times as many mode-locked pulses entering the RSOA compared to when operating at 10 GHz. The gain acquired by each individual pulse is therefore reduced. As a consequence, the injected optical power has been reduced to increase the energy of each mode-locked pulse. Even so, there are still variations in the pulse-to-pulse amplitudes at the laser output. The situation may be improved by increasing the filter bandwidth so as to support the formation of narrower pulses while increasing the modelocked pulse energy. However, it should be noted that an increase in the laser bandwidth will also lead to an increase in the chirp of the mode-locked pulses [14] . A wider filter bandwidth would also increase the noise level, making it more difficult to adjust the mode-locked pulses and also increase the TBP.
Comparison with an SOA-based HMLFRL
In order to highlight the performance benefits of using an RSOA as the gain and mode-locking element in a HMLFRL, the results achieved using a conventional SOA were studied. The layout of the SOA-based HMLFRL is shown in Fig. 6 . The active region of the SOA (Kamelian OPA-20-N-C-FA) is made from the same bulk material as that of the RSOA. For the SOA-based laser, the pump pulses counter-propagate with the mode-locked pulses within the SOA active region. An isolator is placed before the SOA to block the pump pulses from propagating within the laser cavity and to ensure unidirectional operation of the laser light. The tuning range achieved in both laser systems is similar and in each instance is limited by the tuning range of the TBF. As is the case with the RSOA-based laser, the optimum mode-locking condition is achieved through adjustment of the VODL and injected pump pulse power. Table 1 compares the results achieved with the RSOA-and the SOA-based HMLFRL operating at 1535 nm, respectively. As would be expected, a higher output power is achieved with the SOA-based laser as it has a higher saturation output power (13 dBm) than the RSOA (5 dBm). This fact is because of the physical structure of each device. The 10 GHz mode-locked pulse train and corresponding optical spectrum achieved at 1535 nm are shown in Fig. 7 . The pulse width and 3 dB spectral width is 13.4 ps and 0.41 nm, respectively, giving a TBP of 0.7. This TBP value is slightly lower than that measured for the RSOA-based laser. This suggests that the magnitude of the chirp on the pulses produced by the RSOA-based laser is greater than that produced by the SOA-based laser. This seems logical as the RSOA, because of its lower saturation output power, is more heavily saturated than the SOA. Consequently, the effects of SPM result in a greater degree of spectral broadening in the RSOA than the SOA [16] . A more detailed comparison between the RSOA and SOA pulses would involve chirp compensation and is beyond the scope of this work. However, as Fig. 8 indicates, the mode-locked pulse produced by the SOA-based laser contains a pedestal. This is because of the gain of the SOA being insufficiently suppressed by the pump pulse resulting in a wide SOA temporal gain window [17] . Consequently, the mode-locked pulse is significantly asymmetric compared to the Gaussian pulse produced by the RSOA-based laser and this accounts for the larger pulse width value recorded for the SOA-based laser. Clearly, this is an undesirable feature and is because of the limited average power available from the pump pulse source used in this experiment. Another issue with the pump pulse source is that the pulse width cannot be changed independently of the average power. However, what is clear from these results is that it is considerably easier to achieve optimum mode-locked operation when using an RSOA. The average pump pulse power required when using a conventional SOA is in excess of 5 dB greater than if an RSOA were used. This is owing to the unfavourable gain saturation characteristics and high saturation output power of the conventional SOA. In order to obtain better performance from the SOA-based HMLFRL a higher-power (and therefore more expensive and complex) pump pulse source is required.
Conclusion
In summary, we have presented a repetition rate-and wavelength-tunable picosecond optical pulse source based on an HMLFRL utilising an RSOA as both a gain and mode-locking element. An attractive feature of the source is that the mode-locking frequency remains constant when tuning both the wavelength and repetition rate. When modelocked at 10 GHz the source generates 10.3 ps pulses over a 30 nm tuning range covering the entire C-band. Excellent uniformity of the mode-locked pulse width and average power across the tuning range is achieved. The repetition rate may be increased up to 30 GHz using the rational harmonic mode-locking technique. By increasing the laser bandwidth the source has the potential to operate at higher repetition rates. The results achieved using an SOA in place of the RSOA were studied. It was observed that when there is insufficient gain depletion in the SOA the mode-locked pulse contains a pedestal resulting in an asymmetric pulse shape. This result agrees well with the established theory [17] . The average pump pulse power required to achieve sufficient gain depletion for optimum mode-locking is in excess of 5 dB greater for the SOA. This is because of the more favourable gain saturation characteristics and low saturation output power of the RSOA. In order to improve the performance of the SOA-based laser a higher-power pump pulse source is required thus increasing the cost and complexity of the set-up. The main advantage of an SOA in the fibre-ring laser is that it leads to pulses with a lower TBP than that possible with and RSOA, possibly because of the faster SOA dynamics. A theoretical model for this is currently under investigation.
Ideally, the pulse width and average power of the pump pulse source should be independently variable as both of these parameters are crucial to the formation of optimum mode-locked pulses. 
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